Abstract. Very little is known about the structure of microbial communities, despite their abundance and importance to ecosystem processes. Recent work suggests that bacterial biodiversity might exhibit patterns similar to those of plants and animals. However, relative to our knowledge about the diversity of macro-organisms, we know little about patterns of relatedness in free-living bacterial communities, and relatively few studies have quantitatively examined community structure in a phylogenetic framework. Here we apply phylogenetic tools to bacterial diversity data to determine whether bacterial communities are phylogenetically structured. We find that bacterial communities tend to contain lower taxonomic diversity and are more likely to be phylogenetically clustered than expected by chance. Such phylogenetic clustering may indicate the importance of habitat filtering (where a group of closely related species shares a trait, or suite of traits, that allow them to persist in a given habitat) in the assembly of bacterial communities. Microbial communities are especially accessible for phylogenetic analysis and thus have the potential to figure prominently in the integration of evolutionary biology and community ecology.
INTRODUCTION
Although there may be millions of species of bacteria on Earth, we are only beginning to investigate patterns in their diversity (Horner-Devine et al. 2004a ). Understanding patterns of bacterial diversity is of particular importance, because bacteria likely comprise the majority of the planet's biodiversity, they mediate many environmental processes that sustain life, and their diversity is of great importance in medicine, agriculture, and industry. Recent evidence suggests that bacteria can exhibit patterns in taxonomic diversity and community composition similar to those of plants and animals (e.g., Horner-Devine et al. 2003 , 2004b . However, most of these studies have relied on measures of diversity that do not consider phylogenetic relatedness (Bohannan and Hughes 2003) , and few studies have quantitatively examined bacterial communities within a phylogenetic context (Martin 2002 , Davelos et al. 2004 .
Phylogenetic measures can reveal differences in the richness or composition of two communities that would be identical using standard measures of species richness and composition (Martin 2002) . Phylogenetic analyses of diversity have proven valuable in studies of plant and animal diversity, because such an approach can lend insight into the relative importance of evolutionary and ecological forces in shaping communities (Elton 1946 , Webb et al. 2002 , Cavender-Bares and Wilczek 2003 . The idea that closely related taxa are more likely to interact intensely with each other than with more distantly related taxa is an old one (Darwin 1859) ; more recently, this idea has been expanded to suggest that interspecific interactions are influenced by the net ecological similarity of taxa, and closely related taxa tend to be more similar ecologically than distantly related taxa (Harvey and Pagel 1991) . For example, cooccurring rainforest tree species have been observed to be more closely related than expected by chance (Webb 2000) ; such a pattern of phylogenetic attraction or clustering can indicate that these closely related taxa share traits important for their persistence in a particular environment (Webb et al. 2002) . Such habitat filtering is important and might be more important than competition, in maintaining rain forest tree species diversity (see also Tofts and Silvertown 2000 , Webb 2000 , Kembel and Hubbell 2006 .
In contrast, a community could be composed of distantly related taxa as a result of current or past competitive exclusion between similar (and thus closely related) taxa and/or as a result of convergent evolution in traits important for persistence in a given environment (Cavender-Bares et al. 2004, Kembel and Hubbell 2006) . However, even for macro-organisms, relatively few studies have quantitatively examined community structure in a phylogenetic framework (but see other articles this issue), and even fewer have done so for microbes (but see Martin 2002 , Francis et al. 2003 . We know of no other microbial studies that employ the approach used here to quantify community structure.
Bacteria offer a unique opportunity to examine the phylogenetic structure of multiple communities, because most recently published bacterial diversity data are molecular in nature and thus can be more easily interpreted within a phylogenetic context than data from many community studies of macro-organisms (Bohannan and Hughes 2003) . A large proportion of microbes cannot be cultured with current laboratory techniques (Brock 1987) , and thus bacterial taxa are often identified from the sequences of indicator genes extracted from environmental samples (Stackebrandt and Goebel 1994) .
Here we take a quantitative approach to examining the phylogenetic structure of bacterial communities from a number of different environments. We ask whether bacterial communities exhibit phylogenetic structure (e.g., significant degrees of clustering or overdispersion of taxa across a phylogenic tree) and whether such patterns vary along environmental gradients.
METHODS

Data
We used existing bacterial sequence data from four different environments and for three different genes. We selected data sets that were of high resolution (e.g., cloned and sequenced DNA sequences, rather than gradient gel or restriction fragment length data), that were from extensively sampled communities (relative to many studies of bacteria diversity), and that were replicated or spanned ecologically interesting environmental gradients in aquatic, soil, and sediment habitats.
The first data set consists of partial 16S rDNA sequences (the most common indicator gene used for bacterial diversity studies) sampled from freshwater mesocosms that span a productivity gradient (HornerDevine et al. 2003) . Each mesocosm consisted of a 2 m diameter polyethylene cattle tank with a screen cover, filled with well water. Each mesocosm was inoculated from the same-pooled sample collected from six ponds in southern Michigan that spanned a natural gradient in primary productivity. A gradient of primary productivity was established across the mesocosms by maintaining otherwise identical mesocosms with different input concentrations of nitrogen and phosphorus. At the end of a 4-mo growing season, one composite water column sample was used to generate a clone library from each of the five mesocosms. We selected ;100 clones from each of these libraries and sequenced 500 nucleotides from the 5 0 terminal of each clone (GenBank accession numbers DQ064816-DQ065575).
The second data set consists of 16S rDNA sequences sampled from soil communities at different depths that differed in water saturation and total organic carbon (Zhou et al. 2002) . Soil cores were collected from previously described sites in northern Virginia (Abbot's Pitt) and central Delaware (Zhou et al. 2002) at both the soil surface (depth ¼ 0.05 m; GenBank accession numbers AY280351-AY289492) and subsurface (approximately at the depth of the water table, depth . 4.0 m; GenBank accession numbers AY456755-AY456883 and AY456885-AY456903) for a total of five samples (note that two samples were collected from the subsurface of Dover Air Force Base; hereafter, subsurface-D1 and subsurface-D2).
The third data set consists of 16S rDNA sequences sampled specifically from ammonia-oxidizing bacteria in Costa Rican soils (Carney et al. 2004 ). Samples were collected from three land use types on sandy loam soils: forest, pasture, and tree plantations. The tree plantation sites included three different site types that differed in plant community composition and richness. The onespecies sites contained only Cordia alliodora, the threespecies sites contained C. alliodora, an herb, and a palm, and the five-species sites contained C. alliodora, two palm species, and two other hardwoods. Each of the five site types (forest, pasture, and the three plantation treatments) was replicated three times, with the exception of the five-species site, which had two replicates. For each site type, a composite soil sample was collected from each of the replicate plots for a total of 14 samples. Partial 16S rDNA sequences from these samples were deposited in GenBank under accession numbers AY631475-AY631851.
The fourth data set consists of sequences of functional genes amplified from five sediments samples collected along a salinity and nitrogen gradient in the Chesapeake Bay (Francis et al. 2003; C. A. Francis, J. C. Cornwell, and B. B. Ward, unpublished manuscript) . One of these functional genes (amoA) codes for a subunit of ammonia monooxygenase, an enzyme found only in ammoniaoxidizing bacteria (bacteria that mediate the transformation of ammonia into nitrite). A 450 base pair (bp) region was chosen for phylogenetic analysis, representing 150 amino acids (GenBank accession numbers AY352899-AY353054; Francis et al. 2003) . The second functional gene (nirS) codes for a subunit of nitrite reductase, an enzyme found in denitrifying bacteria (bacteria that mediate the transformation of nitrite into nitrogen gas). A 233-bp region was used for analyses (C. A. Francis, J. C. Cornwell, and B. B. Ward, unpublished manuscript). Both gene fragments span the active site of their respective proteins (Berks et al. 1995 , Rotthauwe et al. 1997 , Braker et al. 2000 .
For each data set, we screened sequences for chimeras and aligned them using the 2002 version of the ARB software package (for 16S genes; available online) 4 or Sequencher software (for functional genes; Gene Codes Corporation, Ann Arbor, Michigan, USA). We used only unambiguously aligned positions to construct the phylogenetic hypotheses, and duplicate sequences were not used when generating phylogenetic trees. Thus sample sizes represent the number of unique sequences observed, rather than the total number of sequences analyzed.
Analysis
We used indices of community phylogenetic structure to compare these communities (Webb 2000) . The net relatedness index (NRI) and nearest taxa index (NTI) measure the degree of phylogenetic clustering of taxa across a phylogenetic tree in a given sample relative to the regional pool of taxa. Positive values indicate that a community is clustered, whereas negative values indicate that community members are evenly spread or overdispersed across a phylogenetic tree. In other words, a positive NRI value indicates a community where members are on average more closely related to one another than they are to members of the regional taxon pool. Such a community thus appears to be clustered on a phylogenetic tree of the regional taxa. The NRI measures overall clustering across the phylogeny as the average distance between all pairs of taxa in a community. Specifically, NRI ¼ À(X net -X(n))/SD(n), where X net is the mean phylogenetic distance, measured as the mean pairwise branch lengths and thus a measure of pairwise sequence divergence, between all pairs of n taxa in a particular community; X(n) and SD(n) are the mean and standard deviation of phylogenetic distance for n taxa randomly distributed on the phylogeny. We obtain these latter values by 1000 random draws from the entire pool of taxa in the phylogeny. Alternatively, NTI measures the extent of terminal clustering on the phylogeny by determining the minimal distance or branch length between taxa in a particular community. The two indices are calculated similarly, except NTI substitutes X near for X net , where X near is the shortest mean distance between all pairs of n taxa in a community sample. We calculated NRI and NTI using Phylocom 3.22 (Webb et al. 2005) .
High and positive values of these indices indicate clustering of taxa across the overall phylogeny, whereas low or negative values indicate overdispersion of taxa across the phylogeny. We tested whether these values (and thus whether the extent of clustering) significantly differed from that of a randomly assembled community with a null model (1000 permutations of randomly drawn communities). We used a two-tailed significance test to evaluate the rank of observed values at P ¼ 0.05, such that an observed rank of ,25 or .975 was assumed to be significant overdispersion or clustering, respectively.
Calculation of NRI and NTI relies on a community phylogeny. We used ModelTest 3.06 to determine the best models of sequence evolution for the unique amoA and nirS sequences from the Chesapeake Bay sediment samples (Posada and Crandall 1998) . Using the Akaike Information Criterion (Akaike 1973) , we selected K81ufþIþG as the best model of sequence evolution for the amoA sequences and TVMþIþG for the nirS sequences. The 16S rDNA trees were constructed using neighbor-joining distance clustering with a HKY þ gamma substitution model (Hasegawa et al. 1985) , where gamma was estimated from the data. We used PAUP* to construct trees for all data sets (Swofford 2002) . Maximum likelihood methods were used to estimate branch lengths based on the above HKY and gamma DNA substitution models. Trees were bootstrapped to examine phylogenetic robustness.
We also examined how phylogenetic clustering varies along environmental gradients. NRI and NTI values were standardized by the mean expected value for the number of taxa found in each community (Webb et al. 2002) . We then used regression and ANOVA implemented in JMP, version 4.0, to examine the relationship between clustering values and environmental parameters (Sokal and Rohlf 1995) . Where data were not normally distributed (as determined by the Shapiro-Wilk W test), we used the Kruskal-Wallis one-way analysis of variance by ranks (Sokal and Rohlf 1995) . The following environmental parameters were considered: chlorophyll a (for the mesocosm data from Horner-Devine et al.
[2003]), carbon content (for the soil community data from Zhou et al. [2002] ), plant diversity and ammonia (for the ammonia oxidizer data from Carney et al. [2004] ), ammonia and salinity (for the amoA data), and nitrate and salinity (for the nirS data). These environmental parameters were identified in the respective prior studies as important to taxonomic richness and/or community composition.
RESULTS
Phylogenetic structure
We observed that most of the bacterial communities we examined exhibited significant phylogenetic structure (i.e., bacteria tended to co-occur with other bacteria that were more closely related than expected by chance). For example, bacterial communities from freshwater mesocosms exhibited significant and positive net relatedness index (NRI) and nearest taxa index (NTI) values (Table 1) . This was true when all bacteria were considered, as well when the three most common groups of bacteria sampled from each of the mesocosms (Alphaproteobacteria, Betaproteobacteria, and CytophagaBacteroides-Flavobacteria, or CFB) were considered separately. While there was some variation in relatedness among the different communities and groups of taxa, bacteria in the three most common taxonomic groups in these communities tended to be clustered.
Soil communities sampled at different depths showed different patterns of phylogenetic structure (Table 2) . Subsurface soil communities showed significant clustering for both NRI and NTI. In contrast, one surface sample was randomly structured phylogenetically, and the other exhibited significant overdispersion for both indices.
Ammonia-oxidizer communities from Costa Rican soils exhibited the most variation in phylogenetic structure of all the data sets considered (Table 3) . While communities from forest soils showed no significant phylogenetic structure, pasture communities tended to be overdispersed. Communities from the experimental plant treatments with one, three, or five plant species tended to be phylogenetically clustered overall with no clear pattern in the NTI.
Finally, sediment bacterial communities sampled at five sites in the Chesapeake Bay were phylogenetically structured (i.e., clustered) and contained less genetic diversity than a randomly assembled community (Table 4 ). This was true for both the ammonia-oxidizing bacteria and denitrifying bacteria sampled. All but one sample showed significant overall phylogenetic structure (as estimated by NRI). Interestingly, one community of denitrifying bacteria exhibited significant overdispersion as measured by NRI. Phylogenetic clustering measured by NTI was more common for denitrifying bacteria than for ammonia-oxidizing bacteria. Only one of the five Notes: Labels D and A refer to samples collected at Dover Air Force Base (Delaware, USA) and Abbot's Pitt (Virginia, USA), respectively. As two subsurface samples were collected at Dover Air Force Base, they are denoted D1 and D2. Other abbreviations and symbols are as in Table 1 .
* Communities that are significantly structured at the P ¼ 0.05 level.
Communities that are significantly structured at the P ¼ 0.10 level. Notes: ''One,'' ''Three,'' and ''Five'' indicate the three plantation treatments containing the respective number of different species. Community labels describe the group and sample number. Other abbreviations and symbols are as in Table 1 .
* Communities that are significantly structured at the P ¼ 0.05 level. Notes: N ¼ no. taxa in a community. NRI_gt and NTI_gt represent the number of times the observed NRI and NTI values for a community, respectively, were greater than the value for randomly permuted communities.
Communities that are significantly structured at the P ¼ 0.10 level. Note: Sampling stations were located in the Choptank River (CT) as well as in the main channel of the Chesapeake Bay (CB). CT1 was located in the upper Choptank, while CT2 was located in the lower Choptank. Main channel stations were located in the north bay (CB1), mid-bay (CB2), and south bay (CB3). Other abbreviations and symbols are as in Table 1 .
ammonia-oxidizing communities sampled showed significant phylogenetic clustering as estimated by NTI.
Phylogenetic structure and the environment
We also observed that measures of phylogenetic structure can vary along environmental gradients. There was a negative trend between NRI estimated for Betaproteobacteria and primary productivity in aquatic mesocosms (Fig. 1A) . Relatedness did not vary with productivity for any of the other bacterial groups examined in these mesocosms (results not shown).
Phylogenetic structure varied significantly with depth for soil communities (NRI, t ¼ 5.319, df ¼ 3, P ¼ 0.013; NTI, t ¼ 6.693, df ¼ 3, P ¼ 0.0068). In addition, communities sampled from soils with high total organic carbon had lower relatedness values than those sampled from low total organic carbon soils (Fig. 1B) .
In the Chesapeake Bay, relatedness of denitrifying bacteria exhibited a nonsignificant trend with nitrate and salinity (Fig. 1C for nitrate results; salinity: NRI, NS, results not shown; NTI, R 2 ¼ 0.5121, P ¼ 0.107). In contrast, relatedness measures of ammonia-oxidizing bacteria did not vary with any environmental parameters measured (ammonium and salinity, results not shown).
Phylogenetic structure of communities of ammoniaoxidizing bacteria varied with plant community composition in Costa Rican soils for NRI (ANOVA, F 4,9 ¼ 5.507, MSE ¼ 2.33, P ¼ 0.0160), but not for NTI (Kruskal-Wallis: v 2 ¼ 6.5095, df ¼ 4, P ¼ 0.164). Pairwise post-hoc comparisons of the different treatments revealed that the bacterial communities from sites with one, three, or five focal plant species were more clustered than pasture communities as measured by NRI. There was a weak positive relationship between ammonia and NTI, but not NRI, for these bacteria (R 2 ¼ 0.218, P ¼ 0.052).
DISCUSSION
Our results suggest that bacteria tend to co-occur with other closely related bacteria more often than expected by chance, as has been observed for some plant species (Webb 2000 ; also see Cavender- Bares et al. 2006 , Kembel and Hubbell 2006 , Lovette and Hochachka 2006 , Weiblen et al. 2006 ). In addition, we observed that phylogenetic structure can vary along environmental gradients.
We observed significant net relatedness index (NRI) and nearest taxa index (NTI) values for freshwater bacterial communities from experimental mesocosms. Relatedness information provides a different window into bacterial communities than does information concerning richness or taxonomic composition. Accordingly, our observations that the relatedness of cooccurring Betaproteobacteria decreases with productivity, is in contrast to previous observations that their taxonomic richness does not (Horner-Devine et al. 2003) . We observed that each of the five communities contained approximately the same number of taxa regardless of productivity, but these taxa tended to be more distantly related at higher productivities. Decreasing relatedness with increasing productivity might indicate that low productivity environments are more ''stressful'' (e.g., impose a stronger ''filter'' on a community) for Betaproteobacteria than do more productive environments. In contrast, we did not observe a relationship between relatedness of Alphaproteobacteria or Cytophaga-Bacteroides-Flavobacteria (CFB) and productivity in the mesocosm study, despite our previous observations of changes in taxonomic richness of these groups with productivity (HornerDevine et al. 2003) . Clustered distributions have been interpreted as evidence of habitat filtering, where a group of closely related species shares a trait, or suite of traits, that allow them to persist in a given habitat (Webb et al. 2002) . Alternatively, significant phylogenetic clustering could be the result of differential dispersal and/or colonization abilities, or an adaptive radiation event. While it is beyond the scope of this work to determine the process responsible for the clustering we observed, the results from the freshwater mesocosms suggest that habitat filtering, rather than an adaptive radiation event or colonization effects, was important in the assembly of these bacterial communities. In this mesocosm study, bacterial communities were established in each mesocosm from the same inoculum of bacteria from natural pond communities (Horner-Devine et al. 2003) . Thus, the history of colonization could not play a role in the patterns we observed. Although dispersal among mesocosms was not prevented (and likely occurred), the productivity gradient was randomized in space (i.e., mesocosms with similar productivities were not clustered in space), and thus clinal dispersal is unlikely to underlie the patterns we observed. Finally, since the mesocosm communities were sampled four months after they were initiated, it is unlikely that the ribosomal gene evolved during the course of the experiment, and thus it is unlikely that the clustering is due to adaptive radiation during the experiment. Without such information for the other data sets we analyzed, it is difficult to distinguish among habitat filtering, adaptive radiation, or colonization processes in the systems that were not manipulated. However, the results from the mesocosm study suggest that habitat filtering could be an important force in the assembly of at least some bacterial communities.
Overdispersion of taxa across a phylogeny has been observed in natural communities (Ackerly et al. 2006 , Cavender-Bares et al. 2006 , Silvertown et al. 2006 and could indicate that negative interactions (e.g., competition) are important in community assembly (Graves and Gotelli 1993, Webb et al. 2002) . Although we did observe significant phylogenetic overdispersion in one of the freshwater bacterial communities, our observations do not suggest that competition played an overwhelming role in structuring the communities we studied at the scales examined here. However, it is important to note that habitat filtering and competition likely act in concert to produce the communities we observe. Thus even where the phylogenetic signature suggests the importance of habitat filtering, local competition can also be occurring.
Phylogenetic scale (the taxonomic group or rank under consideration) has been shown to influence the observation of phylogenetic patterns (Silvertown et al. 2001 , Cavender-Bares et al. 2004 . However, the effect of phylogenetic scale was not evident for bacteria from the freshwater mesocosms. We tended to observe phylogenetic clustering both when we examined all bacteria together and when we examined taxonomic subsets of the bacteria (Alphaproteobacteria, Betaproteobacteria, and CBF). It is possible that Alphaproteobacteria, Betaproteobacteria, and CBF encompass such a broad range of bacterial ecotypes that, even with the NTI (which focuses on terminal clustering and thus is particularly sensitive), it is less likely that one will observe overdispersion.
Recent work by Zhou et al. (2002) and Treves et al. (2003) suggests that spatial isolation plays an important role in structuring soil bacterial communities. They observed that unsaturated, surface communities had more uniform rank abundance patterns than did communities from saturated, subsurface communities, which exhibited high-dominance distributions (Zhou et al. 2002) . They interpreted the uniform distribution from the surface samples as evidence that local competition does not play a significant role in structuring the soil communities they studied. Their observations (and subsequent mathematical modeling and laboratory experimentation) suggested that spatial isolation might limit competition in the surface soils (Treves et al. 2003) . Our results do not support this hypothesis. We observed phylogenetic clustering in the subsurface samples, where spatial isolation was predicted to be minimized due to high water content and thus where there was an expectation for strong competition and phylogenetic overdispersion. In contrast we observed phylogenetic overdispersion in one of the surface samples, where isolation was predicted to be high and competition weak.
We did observe that phylogenetic clustering decreased with increasing total organic carbon (which covaried with depth) in the Zhou et al. (2002) soil data set. Thus as carbon availability increased, the strength of clustering and perhaps habitat filtering decreased. The potential decrease in the strength of filtering is unlikely to be related to an increase in the role of competition for carbon, since competition would likely decrease with increasing carbon. More information on the types of carbon present, as well as C:N ratios, might lend more insight into the underlying processes.
We observed both phylogenetic clustering and overdispersion for ammonia-oxidizing bacteria from Costa Rican soils. It is possible that, for ammonia-oxidizing bacteria, a more restricted (and potentially more ecologically similar) group of taxa, it might be easier to detect interactions among taxa, because ammoniaoxidizing bacteria likely compete for similar resources. Carney et al. (2004) found that neither bacterial richness nor composition changed across plant diversity treat-ments (one, three, or five focal plant species). Similarly, we did not observe pairwise differences in phylogenetic structure among the plant treatments using post-hoc comparisons. Carney et al. (2004) also observed differences in the ammonia-oxidizer community among landuse types in some measures of diversity and in composition. We observed that, while pasture and forest did not differ in phylogenetic clustering, pasture communities were less phylogenetically diverse (i.e., less clustered) than each of the plant treatments. In fact, pasture communities tended to be overdispersed. We also found a weak positive relationship between terminal clustering and ammonia, such that clustering (and perhaps the importance of habitat filtering rather than competition) increased with ammonia. This is consistent with an increase in the importance of habitat filtering (and conversely, perhaps a decrease in the relative strength of competition) for ammonia as ammonia concentrations increased.
Analysis of amoA and nirS genes sampled from the Chesapeake Bay offered us an opportunity to examine community patterns deduced from potentially ''ecologically relevant'' genes. We assumed that phylogenetic overdispersion would be more prevalent in such data, where the taxa sampled are essentially from a single guild (i.e., a group performing the same function and requiring the same resources). However, we did not observe overdispersion for amoA, and we observed overdispersion in only one sample of nirS. In hindsight this is not overly surprising for nirS, given that denitrifying bacteria can be ecologically very different despite sharing the nirS gene (Shapleigh 2000) . However, ammonia-oxidizing bacteria are believed to be a physiologically constrained group, existing solely on the oxidation of ammonia. The lack of overdispersion suggests that the amoA gene may be too conserved to reveal ecological differences or that sequence variation at this scale does not reflect ecological differences.
Previous analysis of the amoA samples demonstrated a nonsignificant trend toward decreasing richness with increasing salinity (Francis et al. 2003 ). We did not observe a relationship between phylogenetic structure as inferred from this gene and salinity or ammonia. In contrast, we observed a significant decrease in phylogenetic clustering as inferred from the nirS gene with increasing nitrate and a weak relationship between clustering and salinity. It is difficult to interpret the relationship with nitrate; one might expect that increasing nitrate availability would lead to decreased competition for this substrate by denitrifiers or stronger habitat filtering for denitrifying bacteria with genes that confer an advantage at high nitrate concentrations; we observed the opposite trend.
The interpretations of our results are based on the assumption that closely related taxa are more ecologically similar than distantly related taxa. This assumption has been shown to be true for some plants, animals, and microbes (Kuittinen et al. 1997 , Nubel et al. 1999 , Morgan et al. 2001 , Prinzing et al. 2001 ), but not all (Losos et al. 2003 , Rice et al. 2003 , Knouft et al. 2006 . How universally the assumption about similarity of closely related organisms applies to microorganisms is currently unknown. If this assumption does not hold for most bacteria, other explanations might be necessary for the patterns we observe. For example, some bacteria are capable of lateral gene transfer (LGT; Ochman et al. 2000 , Lerat et al. 2003 . Lateral gene transfer among cooccurring bacteria could weaken or uncouple the relationship between ecological similarity and evolutionary relatedness, if ecologically relevant genes are exchanged more often than phylogenetically informative housekeeping genes (e.g., ribosomal genes) as has been suggested (Lerat et al. 2003) . Rampant LGT would reduce the prevalence of phylogenetic clustering or overdispersion due to ecological processes. However, we observed a significant level of phylogenetic clustering in the communities that we examined, suggesting that LGT does not substantially overwhelm phylogenetic patterns in these communities. In addition, recent work in environmental genomics suggests that on recent evolutionary time scales horizontal gene transfer is not rampant in natural microbial communities (Lerat et al. 2003) . Martin et al. (2004) used a different approach (lineage-per-time analysis) to look for phylogenetic patterns in microbial diversity data. They failed to show significant phylogenetic structure (i.e., an overabundance of closely related or distantly related sequences) across several different data sets. However their study differed from ours in that they assumed a ''universal'' null model (an exponential increase in lineages) for all data sets, rather than creating a null expectation for each data set by resampling of a regional phylogenetic tree. In the approach used here, we are interested in whether observed communities differ in phylogenetic diversity from communities created by a random draw from the available taxa in the regional pool. The Martin et al. (2004) approach suffers from a lack of power if the fraction of diversity sampled is small, making the task of detecting phylogenetic structure very difficult. While the communities examined here are also undersampled, the use of a relative measure of community relatedness decreases the influence of undersampling, provided communities in a given analysis are sampled with equal effort. Furthermore, if the questions of interest concern community assembly (as they do in our study), assuming a null model based on regional tree resampling is appropriate because it should model the assembly process.
We have observed that bacterial communities exhibit phylogenetic structure, in some cases similar to that observed for plants, and that this structure can vary along environmental gradients. Our results suggest that habitat filtering might be relatively more important to the assembly of bacterial communities than competition. Why might this be the case? Recent work suggests that the greater the degree of environmental heterogeneity over which one samples a community, the more likely that phylogenetic clustering, rather than overdispersion, will be present (Cavender-Bares et al. 2006 , Silvertown et al. 2006 . The data sets used in our study consisted of samples that were extremely large relative to the size of the target organisms and the scales over which individuals interact (as is the case in most studies of microbial diversity) and thus likely included substantial environmental heterogeneity. As such, the spatial scale of sampling might bias the results towards clustering rather than overdispersion.
Recent studies have also suggested that phylogenetic scale should affect the prevalence of clustering; increasing phylogenetic scale (i.e., an increase in taxonomic lumping) might result in an increased prevalence of clustering (Silvertown et al. 2006) . Substantial ecological diversity has been shown to be present within microbial taxa defined using molecular markers, especially ribosomal markers (e.g., Ward et al. 1998 , Rocap et al. 2002 . The molecular approach used to characterize microbial diversity might bias microbial diversity data sets toward detection of phylogenetic clustering when relatively large groups of organisms are targeted. Finer scale markers (e.g., internal transcribed spacer (ITS) or multi-gene approaches) might reveal the presence of increased phylogenetic overdispersion. The growing possibility of using environmental genomics to examine full genomes of different lineages from environmental samples will provide even more power to this approach (R. Whitaker and J. F. Banfield, unpublished manuscript).
The search for patterns in microbial biodiversity is in its infancy, and it is premature to make strong conclusions regarding the exact mechanisms responsible for the patterns we have described. To make such conclusions with confidence, a better understanding of the relationship between community assembly mechanisms and phylogenetic patterns is necessary. Such an understanding could be developed through studies of controlled experimental systems, where, for example, one can manipulate environmental parameters such as resource availability and tease apart the effects of mechanisms that occur on large scales of time and space (such as evolution and differential colonization) from those that occur on smaller scales (such as habitat filtering and competition). Microbial model systems could serve as excellent experimental systems in which to explore these ideas (Jessup et al. 2004 ). We also suggest that future work in natural systems examine gradients that span a greater range of environmental characteristics to test the hypothesis that phylogenetic clustering and thus habitat filtering increases with environmental extremes. Such studies coupled with a better understanding of the extent of LGT, how traits map onto phylogenies, and the evolutionary history of these traits (Ackerly et al. 2006 , Silvertown et al. 2006 ) will help to explain the patterns of phylogenetic structure we observed. Where we do observe similar patterns of phylogenetic structure for microbial and macrobial communities, it is possible that similar mechanisms could be responsible for the structure of communities from these very different forms of life.
